Phase field theory of interfaces and crystal nucleation in a eutectic system of fcc structure: I. Transitions in the one-phase liquid region J. Chem. Phys. 127, 074709 (2007) The continuous inversion from a water-in-oil (w/o) microemulsion at low temperatures to an oil-in-water (o/w) microemulsion at higher temperatures within the one-phase channel of water (0.6% NaCl)-n-decane-AOT microemulsion system is investigated by small angle neutron scattering (SANS). At constant AOT (surfactant) weight fraction r of 12%, the structural evolution as a function of temperature takes place in different forms as the oil-towater weight fraction a is varied from 15 to 90 %. At low o-w weight fractions (a = 15 and 20 %) the microemulsions transform from a water-internal, oil-continuous structure at lower temperatures to an oil-internal, water-continuous droplet structure at higher temperatures jumping across an intermediate region of a lamellar phase (La)' However, at higher o-w weight fractions (a = 80 and 90 %) the evolution goes through a stage of percolation of the water droplets first into extended water clusters, then the structural inversion takes place probably through a transition of these water clusters into an entangled tubular structure. At equal oil-to-water volume ration (a = 40% ), the structure can be described as bicontinuous at both low and high temperatures. In this case we are able to extract two lengths characterizing the structure from SANS data using different models for the scattering length density fluctuation correlation function of a bicontinuous microemulsion.
I. INTRODUCTION
Three-component microemulsions are thermodynamically stable, isotropic liquid mixtures characterized by simultaneous solubilization of large amounts of two immiscible liquids, water and oil, by comparatively small amounts of amphiphiles. Experience shows that an amphiphilic molecule displays its highest solubilization efficiency when it is equally well soluble in oil and water, that is when it is balanced with respect to its preference to the oil and water. An anionic surfactant AOT (sodium-bis-ethylhexylsulfosuccinate) is almost balanced with respect to water and commonly used oils at ambient temperature. I By virtue of this feature it has become the most widely studied amphiphile for the purpose of formulating microemulsions. One significant virtue of AOT is that it does not require a cosurfactant to form microemulsions, a feature which considerably simplifies the presentation of the phase behavior of the microemulsions and the interpretation of experimental data.
This paper is the first in a series of papers studying the details of the microstructure of microemulsions made from water (0.6% NaCL)-n-decane-AOT. The system has been selected for two basic reasons: First, there exists a large body of experimental data for the water-oil-AOT system. These include SANS,2-5 electrical conductivity, 6-9 field jump,9, 10 NMR self diffusion, 11,12 interfacial properties,I3,14 dynamics,15 and reaction kinetics, [16] [17] [18] just to mention only the recent publications. Second, addition of small amounts of an inert electrolyte, such as NaCI, has a large effect on the phase behavior of the microemulsions. In general, an ionic amphiphile, and in particular AOT, can be made to change from lipophilic to hydrophilic by raising the solution temperature. This is because on increasing temperature, the effective fractional dissociation of the counterion will increase. On the other hand, addition of NaCI has an exactly opposite effect. It will make AOT less hydrophilic, because the salt ions will compete with the counterions and the head groups for water of hydration. This combination of addition ofNaCI and raising the temperature can be used to tune the phase behavior of water (NaCI)-n-decane-AOT microemulsion systems with precision. For example, an addition of 0.6% NaCI to water allows an observation in this system of the general pattern of the phase behavior of a water-oil-ionic amphiphile microemulsion system. 19, 20 A particularly important feature is the appearance of a three-phase body in the phase prism at a convenient temperature range (40 ± 15 ·C). In the vicinity of this three-phase body, one finds an adjacent one-phase region where the highest mutual solubility of water and oil and the lowest interfacial tension between the aqueous and the oleic phase are realized. Both these properties are of great interest to industry and research. For microemulsion systems formulated from nonionic surfactants, a recently published compilation of a variety of experimental results 21 has demonstrated the diversity of properties ranging from ultralow interfacial tensions and wetting phenomena, to percolation transition from disconnected to bicontinuous structure for the microstructure of microemulsions in the onephase region. A notable feature for the phase behavior of non ionic microemulsions is that the role of temperature is exactly opposite to that in ionic microemulsions. The reason for that is, on raising the temperature, there will be less hydrogen bonds formed between the head groups and water. This will render the amphiphile less hydrophilic.
From the point of view of conducting scattering experiments for investigation of the microstructure, microemulsions in the one-phase region offer a number of advantages as compared to the traditionally emphasized middle phase of the three-phase microemulsions. [22] [23] [24] In a one-phase microemulsion, composition of water, oil, and amphiphile is completely fixed by the preparation of the sample and is invariant to temperature variation. This is a very convenient feature for carrying out a SANS measurement because one does not have to worry about the temperature variation and its associated composition variation (as for the case of the middle phase microemulsion) often happen during the transfer of sample from the container to the SANS spectrometer. Furthermore, for microemulsions in the onephase region one has a complete freedom in choosing the surfactant weight fraction r and the relative oil-to-water weight fraction a. This flexibility allows investigation of the evolution of the microstructure as a function of temperature at a given set of rand a. Last, but not the least, the one-phase region is bounded on the top and the bottom (in temperature) by two-phase microemulsions, which are respectively the o/w and w /0 types. Thus the inversion of the microstructure across the one-phase channel is expected on an intuitive ground. A large number of SANS investigations of the microstructure of one-phase microemulsions in AOT based systems in the past concluded invariably that the microemulsions consisted of polydispersed water droplets dispersed in oil. 2 -5 Since without addition of salt, one cannot realize a three-phase body at the experimentally accessible temperature range, these one-phase microemulsions are likely to be of the droplet type, away from the three-phase body. In this series of experiments we are able to circumvent this restriction.
After a brief experimental section, II, we describe the general phase behavior of a water-oil-amphiphile system with an application to D2 0 (NaCl)-n-decane-AOT system in Sec. III. From the detailed knowledge of the phase behavior, well-defined paths in the phase diagram were selected for the SANS study ofthe microstructure. In particular we shall present results obtained in the one-phase region, adjacent to the three-phase body, at a constant surfactant concentration r = 12%, varying the oil-to-water ratio a and temperature T. Section IV describes the analyses of the scattering data according to different regions of a. Section V discusses the microstructures inferred from these analyses. Section VI gives a brief summary and the prospect.
II. EXPERIMENTAL
Materials. The amphiphile AOT (sodium-bis-ethylhexylsulphosuccillate) was obtained from Fluka and purified according to the procedure developed by Kunieda and Shinoda.
1 The purified product is an inverse hexagonal mesophase of stiff consistency. D 2 0 was obtained from Merck and is quoted to be 99.75% isotopically pure. n-decane was obtained from Merck ( > 99.0% ).
Sample preparation. Samples were prepared by weight, first dissolving AOT in the oil at an elevated temperature, then brine was added. The NaCI concentration, E = 0.6 wt%, was kept fixed for all experiments.
Phase diagram determination. The phase diagrams were found to be most conveniently studied by starting at high r and diluting with brine and oil at constant a. For a given composition the number and type of phases was determined visually in a thermostated water-bath. Crossed polarizers were used to detect anisotropic mesophases. This procedure yields sections through the phase prism (see Fig. 4 , left). From these sections the other diagrams can be constructed. Electrical conductivity measurements. The conductivity was measured using a Wayne Kerr Autobalance Brigde (B 905) operating a I kHz. The cell constant a = 0.736 cm -1 was determined using O.OID KCI. A steep conductivity increase, irrespective of whether the solutions were stirred or not, with increasing temperature was observed (see Fig. 7  below) .
SANS measurements. Small angle neutron scattering experiments were performed at the Biology Low Angle Diffractometer located at the beam port 9HB of the High Flux Beam Reactor of Brookhaven National Laboratory. Neutron beam was derived from an in-pile liquid hydrogen cold source. After going through a Be-filter and multilayer monochromator the average wavelength of neutron can be selected either at A = 4.5 or 6.4 A, with a relative wavelength spread aA /,1, of 9%. A series of pinholes of diameters, 10 mm/8 mm/6 mm over the distance of 2 m, were used to collimate the incident neutrons. Sample holders used were flat quartz cells of I mm path length. Scattered neutrons were detected by a rectangular 50 X 50 cm He 3 gas proportional counter with 256 X 256 pixels. With suitable choices of sample-to-detector distance, a Q-range of 0.01 to 0.25 A-I was covered in the measurements without having to change the detector distance. Q = 41T sin «() /2) /,1 is the Bragg wave number of scattered neutrons at scattering angle (). A standard data correction procedure was used. 25 The normalization to an absolute cross section was made by comparing the intensity with that of a I mm H 2 0 sample. In this paper we call I( Q) a normalized intensity which is the scattering cross section per unit illuminated sample volume, having a unit of cm -1 • For a one-phase microemulsion we deal with in this article, we can check the measured absolute cross section in an alternative way by using a general invariant relation,
where PD 2 0 and PC IU are, respectively, the scattering length densities of heavy water and decane, and tPw is the volume fraction of the aqueous phase (volume fraction of D2 0 plus the volume fraction of the AOT headgroups).
III. PHASE BEHAVIOR
The phase behavior of quaternary mixtures, water-oilionic amphiphile-inorganic electrolyte, is determined by the phase diagrams of the corresponding binary and ternary mixtures. Since the details of the phase behavior have been described in a recent review article 20 we shall confine our-selves here to a brief description of its features pertinent to this article, The phase behavior of the ternary water-oil-amphiphile system is appropriately discussed by considering the respective binary systems first. Water and decane are of course practically immiscible over the considered temperature range. The binary system n-decane-AOT shows a complete miscibility between the melting and the boiling point of decane. Considerations based on analogy with other ionic amphiphile systems indicate that the binary system, water-AOT, shows a lower miscibility gap with an upper consolute point located below the melting point. Furthermore, a lamellar phase extends to low amphiphile concentrations covering the binary miscibility gap.
Proceeding to the ternary system water-n-decane-AOT, one finds in the isothermal Gibbs phase triangle the central water-n-decane miscibility gap with the critical point facing the n-decane-AOT side. Without added electrolyte the lamellar phase extends from the water side into the phase prism intersecting with the central miscibility gap. The position of the plait point near the n-decane-AOT side indicates tie lines of the central miscibility gap decline towards the oil corner. The lamellar phase, or more generally, tielines with one of the phases being the lamellar phase, extend towards the oil corner. This phase behavior is little The series of diagrams shown in the constant temperature sections illustrate the progression from a water-in-oil microemulsion, (2) in coexistence with an aqueous phase below the temperature T/ successively, though a three-phase coexistence (3) region with the amphiphile rich phase C in equilibrium with excess water and oil at intermediate temperature range, Tu -T/, to an oil-in-water microemulsion (~) in coexistence with an oil phase above the temperature Tu' Note the movement ofthe amphiphile-rich phase C from the oil-rich side at low temperatures to the water-rich side at high temperatures, characteristic of microemulsions made of ionic amphiphiles.
affected by raising the temperature although AOT becomes more water soluble at higher temperatures. If, however, water is replaced by brine, that is if one proceeds to the quaternary system water-n-decane-AOT-NaCI, the situation changes dramatically. A four-component system is appropriately discussed in three dimensions in a phase tetrahedron at constant temperature. If one wants to keep the temperature as variable one has to dispense with one of the composition variables, e.g., by keeping the ratio between two of them constant. The appropriate choice for the present work was to introduce the fraction of salt in the brine E (in wt% ). The phase behavior can then be discussed schematically in a pseudoternary phase prism shown in Fig. 1 . Although the representation is not exact, this has no influence on the present discussion. The main effect of the electrolyte is-at ambient temperature-to push back the lamellar phase and drive the amphiphile into the oil-rich phase. 2o ,26,27 This situation is represented in the bottom triangle in Fig. 1 (we have omitted the lamellar phase for clarity). Increasing temperature leads to a better solubility of the ionic amphiphile in water. As a consequence, at the lower temperature T/ the oil-rich microemulsion splits into an oil-rich and an amphiphile-rich phase C of the three-phase body. Oil-rich phase moves with increasing temperature towards the oil corner whereas the amphiphilerich phase C moves on an ascending trajectory towards the water-rich side. At the upper temperature Tu of the threephase body, the amphiphile-rich C and the water-rich phase merge. Thus, a sample containing equal volumes of water, oil, and an appropriate amount of ionic amphiphile will show the phase sequence 2, 3, 2 with increasing temperature shown schematically in the test tubes on the right of Fig. 1 . In Fig. 2 the actual phase diagram is shown for the system D 2 0 (E = 0.6 wt% NaCl}-n-decane-AOT, at a temperature of T = 40 DC.
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Gibbs phase triangle of a system D 2 0 (0.6% NaCI)/n-decane/ AOT at T = 40 'C. Note at the hydrophilic-hydrophobic balance temperature, the amphiphile-rich phase C contains approximately equal volumes of oil and water volume ratio (a = 40). Without addition of salt, the amphiphile-rich phase C cannot be realized in the accessible temperature range. The trajectory of the amphiphile-rich phase C (a rather special point in the phase diagram) for the system D 2 0 (E' = 0.6 wt% NaCI)-n-decane-AOT with increasing temperature is shown on Fig. 3 . The projection of the trajectory onto the bottom plane of the phase prism is shown on the top of Fig. 3 , the projection onto the T-water-oil plane on the bottom of Fig. 3 . We found it convenient to introduce two compositional variables, a for the oil fraction (in water plus oil) and y for the amphiphile weight fraction (in water + oil + AOT).
The data points in Fig. 3 were obtained by determining the occurring phases keeping a constant and varying y, that is performing vertical sections through the phase prism.
Such a section is shown for a = 40 wt% on Fig. 4 , left. While at low y, there is only a narrow one-phase temperature gap, at higher y, a much larger temperature gap can be observed.
From sections with different a, the phase boundaries of the one-phase channel were constructed for a constant AOT weight fraction of y = 12 wt%, and shown in Fig. 4 , right.
From the comparison of Fig. 3 , bottom, and Fig. 4 , left, it is evident that the high mutual solubility of water and oil, mediated by the amphiphile, is intimately related to the trajectory of the amphiphile-rich phase C on the surface of the body of heterogeneous phases. Accordingly, proceeding from the lower right hand corner of Fig. 4 , right, that is a = 90%, and lower temperature, to the upper left hand corner that is a = 10%, and higher temperature, an inversion from a water-in-oil to an oil-in-water microstructure may be anticipated.
IV. ANALYSES OF SANS RESULTS
In order to present the overview of the microstructure as seen from SANS experiments, we recast the one-phase channel depicted in Fig. 4 , right, into a schematic representation of the overall feature as shown in Fig. 5 . We have drawn into the one-phase channel an "artistic view" ofthe possible microstructure we visualize as a result of SANS data analyses. It is helpful to keep this picture in mind as the readers read the following paragraphs. In this picture, the shaded regions represent oil, and the rest of the white regions represent water. The upper two-phase region is denoted by 2 because the surfactant-rich microemulsion is on the bottom of the test tube coexisting with a predominant oil phase on the top. Thus, deep into the ~-phase region, the microemulsion is It is worthy to note that on the Iowa side, the one-phase channel splits into an upper and lower channels, intervened by a La phase in the intermediate range.
Chen, Chang, and Strey: Three-component microemulsion Fig. 4 right, for an i11ustration purpose. We draw onto the one-phase channel our conception of the microstructure as deduced from SANS data analysis. The shaded regions represent oil and the white regions represent water. The structure shown in the lower channel at a = 10 and 20 is schematic only. Our SANS analysis only addresses the question of the average distances between water domains. Likewise for the upper channel, the analysis shows that the average distance between oil domains decreases as compared to that of the water domains in the lower channel.
likely to be of the o/w-type, because it expels an increasingly large amount of oil to the top phase as temperature increases.
On the other hand, the lower two-phase region is denoted by 2 because the surfactant-rich microemulsion is the top phase in coexistence with a water-rich phase of higher density on the bottom. The microemulsion on the top is likely to be the w/o-type because it expels an increasingly large amount of water to the bottom phase as temperature decreases. We thus have an intuitive deduction that a structural inversion from w/o-type to o/w-type must have happened within the one-phase channel or possibly, not far from the two-phase boundaries. 0.060
It is natural to speculate that this inversion process is not ubiquitous as the oil content a varies from low to high. At the lower end, when a = 15 or 20 %, the one-phase channel is split into two branches, an upper one and a lower one, by an intervening lamellar phase (La) ' The surfactant film curves toward water in the lower channel, but it curves toward neither water nor oil in the lamellar phase. It is therefore very plausible that it curves toward oil in the upper channel. We stated earlier, that an AOT head group becomes more hydrophilic as temperature rises. According to the Bancroft rule 28 then, it will prefer to face an exterior water at higher temperatures. On the other hand, at the higher end, say a = 80 and 90 %, the water content of the microemulsion is low so that the inversion process could take place through an entirely different route. Here we shall see that there is a striking electrical conductivity percolation phenomenon as a function of temperature. The percolation temperatures for a = 80% and a = 90% occur around 35 ·C, one-third from the lower boundary of the one-phase channel. Somehow the water droplets well separated at low temperatures must cluster to promote the conductivity. In the middle range of the oil-to-water weight ratio, say at a = 40, where there is an equal volume of oil and water, the mean curvature of the surfactant film must be zero. This is because the one-phase channel is adjacent to the three-phase body, signifying that the surfactant molecule is balanced towards both oil and water, at this range of temperature. The microstructure is thus likely to be bicontinuous.2 9 These qualitative speculations will be substantiated in the following paragraphs, in sequence.
A.lnterpretatlon of low« data (<<=15% and 20%)
SANS intensity distribution I( Q) shows a single peak at both low and high temperatures within the one-phase channel for a = 15 and 20 %. The characteristic feature of the peak is that at low temperatures the peak height I( Qm) is higher and the peak position Qm lower. At higher temperatures the I( Qm ) decreases while the Qm increases. I( Q) vs Q plots are shown for the two temperatures in Fig. 6 ( 1 ). Since by changing the temperature the quantity on the left hand side of the equation does not change, the integral of Q 21( Q) over the entire range of the curve is an invariant. Therefore the higher the value of Qm the lower the peak height is. Based on the observation that Qm shifts to a higher value as the temperature is jumped, we can demonstrate that the microemulsion must transform from a waterinternal structure at low temperatures to an oil-internal structure at high temperatures, because in doing so the interdroplet separation decreases. Under assumptions that the oil (or water) domains in the microemulsion are spherical in shape, having a single layer of surfactant coating, and the domains arrange themselves locally in a liquidlike structure, the ratio of the Qm in the w/o microemulsion (low temperature) to that in the o/w microemulsion (high temperature) can be shown to be given by the following formulas:
where ¢w is the volume fraction of the aqueous phase (i.e., the volume fraction of 0 2 0 plus the volume fraction of the AOT head groups). ~ is a geometrical constant of the surfactant molecule defined as ~ = uJa h , where Us and a h are, respectively, the steric volume of the surfactant molecule and the available area for the head group in the packing. The subscript Hand L mean, respectively, the high and low temperature cases. Values of ~H and ~L are determined separately from analyses of the large Q portion of I(Q) as described in Sec. IV O. We note here only that ~ is related to the specific surface area per unit volume by a relation, case the agreement is not as good, indicating that the assumption of the water droplets picture for this case is not as good. The solid lines in Fig. 6 are the fitted curves using Teubner-Strey model 36 to be described in the next section. In the context of this section, the model fits are only used to determine more accurately the position of Qm .
B. Interpretation of high a data
In contrast to the Iowa data, 1( Q) for a = 80 and 90 % show no peaks. The intensity increases monotonically towards Q = O. In a log 1( Q) vs log Q representation the curve displays two distinct slopes, a gentle one for low Q region and a steeper one for high Q region. This type of intensity distribution is reminiscent of scattering from a polymerlike object.
31 One can imagine a polymerlike string of microemulsion droplets clustered together by an attractive force. Or alternatively one might have a fractal aggregate of these droplets. 31 ,32 This is an idealization of a complex positional correlations of the droplets as seen in a snap shot. The static structure factor as measured by SANS corresponds to a Fourier transform of this snap shot. To support this hypothesis we measured the electric conductivity K as a function of temperature for three cases with a = 70, 80, and 90 %. The results are plotted in log K vs T in Fig. 7 . One sees a familiar percolation behavior with a percolation temperature T at around 35 0c. [6] [7] [8] [9] [10] This temperature is situated in p the one-phase region at about one-third from the lower twophase boundary (see Fig. 5 ). Apparently extensive electrically conducting pathways are formed upon increasing temperatures beyond Tp. Kim and Huang 7 proposed that in the AOT -decane-water system the conduction may be mediated by hopping of surfactant molecules from droplet to droplet when they approach within certain distance. This process is termed a dynamic percolation. 32 We shall adopt this picture for the interpretation of the scattering results. Comparison of the high temperature end of the conductivity curves with the conductivity of pure brine at the respective temperature suggests that the conducting pathways convert themselves from chain of droplets at and below the percolation temperature into an extended network of water channels at high temperatures. 16 The scattering pattern, with water-oil contrast, of the network is probably indistinguishable from chains of droplets.
The normalized scattering intensity for a system of correlated w/o microemulsion droplets may be written as
where Pop and Pc 10 are, respectively, the scattering length densities of 0 2 0 and decane, R is the radius of the water pool and P(QR) = [3jl (QR)IQRj2 is the particle struc- ture factor of a sphere of radius R, and S( Q) is the interdroplet structure factor. The brackets denote the size averaged over a size distribution function (Schultz distribution). but for a rectangular distribution the bracket in the above equation is unity.
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The Structure Factor S( Q). We imagine that as we raise the temperature the water droplets begin to cluster and form chainlike objects. If the centers of spheres are located at ~j ' and there are N spheres in each chain then (6) To evaluate SeQ), one first makes a Gaussian approximation 33 
The sum in Eq. (7) can be calculated term by term numerically for any arbitrary N. The pertinent behavior for the structure factor in different Q-ranges is as follows:
(i) For small values of Q where QR g < 1, one has a Guinier region and S(Q) =N'exp[ -Q2R~/3] , and the radius of gyration is given by (8) This small Q range is beyond our reach in this experiment.
(ii) For an intermediate Q range where QR g > 1 and QL -1, one has a fractal region and (9) (iii) For large Q where QL~ 1, SeQ) -d, and one has the single particle region.
Putting Eq. (7) lines are the theory. Results for the case a = 80% are qualitatively similar. Agreement between the experimental absolute intensities and the theoretical calculations is quantitatively good. The parameter extracted from the fits are given in Table II . . Independent parameters of the theory are Rand Z for
P( Q) and N, L, D for S( Q).
Rand Z give the mean size of the droplets and its size distribution, Nand L give the average number of microemulsion droplets in a chain and the separation between the droplets; D is the fractal dimension which should be 1.7 for polymerlike objects. We set Z = 10 which corresponds to 30% polydispersity known to exist in AOT microemulsions. 3 L is found to be 140 A. for the best overall fittings. R is approximately 24 A., from the known water to surfactant molar ratio. The value of D is fixed at 1.7 assuming that the conformation of the chains is on the average Gaussian. Thus the only variable of the fit is N. Looking at Table II one sees that as the temperature increases N increases from 3 at 36 ·C, to 5 at 44·C and to 13 at 54 ·C, showini the tendency for droplets to cluster. The va~e of L of 140 A is unexpectedly large for the average size 2R of 50
A. This is probably because we are idealizing a complicated spatial arrangement of nonspherical particles by a chain of spherical particles arranged with a uniform spacing L. It could also mean that a conduction pathway can be formed when two microemulsion droplets approach to a distance less than 140 A.. Nevertheless the trends of parameters listed in Table II are in the right direction for the dynamic percolation to occur at elevated temperatures.
C.lnterpretation of «=40 data
At a = 40%, the volume fractions of oil and water are nearly equal (<Po 0 = 0.451, <Po = 0.455). Since the AOT z molecule, in the one-phase temperature range, is nearly balanced with respect to its hydrophilicity and hydrophobicity, the surfactant film, in the equal oil-water volume fraction case, would like to adopt a configuration of zero mean curvature. The microstructure is thus likely to be bicontinuous. This conjecture is somewhat supported by the fact that the droplet picture does not predict correctly the shift of the peak in SANS data from low to high temperatures, for the case of a = 40, listed in Table I . Since a bicontinuous structure is a disordered structure consisting of interpenetrating oil and water microdomains, a natural description of it in real space is in terms of the scattering length density fluctuation correlation function introduced by Debye and Bueche.
34 r(r) = (1J(0) 1J(r» / (1J2). 1J(r) is the deviation of the scattering length density at r from the mean value p = <PwPozo + (1 -<Pw )PCIO' It is easily shown that (1J2) = <Pw (1 -<Pw )(Pozo -PelO )2. rer) has three basic properties: 35 r(r) is a function of scalar r with reO) = 1 and r ( 00 ) = 0, and the initial slope satisfies a relation
where S / Vis the interfacial area per unit volume of the sample. The normalized scattering intensity can be written as a three dimensional Fourier transform of rer), i.e.,
Debye formalism has been used for analyses of scattering data from bicontinuous microemulsions by Auvray et al. 22 and de Geyer et al. 23 These microemulsions were all taken from the middle phase (the surfactant-rich phase) of fivecomponent microemulsions containing alcohol and salt. More recently Teubner and Strey,36 Vonk et al. 37 and Ninham et al. 38 have separately proposed different structural models for constructing r(r), for the purpose of analyzing scattering data from three-component and five-component microemulsions. In this section we shall use the models of Teubner and Strey and of Vonk et al. for the analysis of our data, since the two models are very similar.
In the case of a bicontinuous microemulsion, the mixture of oil and water cannot be completely random because there is a monolayer of surfactant film in between an oil domain and a water domain. The surfactant monolayer, having a finite bending elastic constant, would not allow either the oil domain or the water domain to become too small. In fact a recent freeze fracture electron microscopy picture of a ternary nonionic microemulsion (H 2 O-n-octane-C 12 E5 ) showed that at 50/50 oil to water volume ratio there exist interpenetrating water and oil domains. 39 These domains are approximately tubular in shape having a fairly well defined diameter. Since we used D 2 0 instead of H 2 0, for SANS measurements, and D2 0 has much higher scattering length density compared to oil, a large and positive contribution will be made to r (r), if the chord length r spans two water domains or two oil domains. Ifwe fix the origin, say, at a water domain and draw a radial chord outward, the end of the chord will meet another water domain in, more or less a periodic way. Let this period be denoted by d and putting k = 21T/d. The well-known Debye correlation function for porous media, exp ( -,,1,r) ,35 would have to be modified, in the first approximation, by multiplying by an isotropically averaged periodic factor (ei~"!:), which is equal to jo (kr). Thus one can assume r(r) = jo (kr) 'exp( -,,1,r) .
This expression has been derived by Teubner and Strey36 from a consideration of a Landau expansion of the free energy functional of a microemulsion system. We note that from Eq. (12) r'(r = 0) = -A, therefore combining this expression with Eq. (10), we see that, the parameter A is related to the specific surface area of the surfactant film. The parameter d = 21T/k can be interpreted as the average distance between the water domains or oil domains.
Substituting Eq. (12) into Eq. (11) we get, for the scattering intensity,
where flp = Po 2 o -PelO is the water-oil contrast known to have a value 7.1 X 1010 cm -2. The two constants in the denominator are given, respectively, by a 2 = (k 2 +A2)2, Q~ =k 2 -,.t2andQm has the meaning ofthe peak position of I( Q).
A variation of the Teubner-Strey model given above was suggested by Ciccariello and Benedetti,4O and has been applied to interpret light scattering intensity distribution from polymer blends undergoing phase separation by Wang et al. 41 This is the one-dimensional version of the TeubnerStrey model and it amounts to replacing the first factor in Eq. (12) by the one-dimensional sinusoidal function, cos(kr). The intensity function is, in this model,41
[,.t2+(Q-k)2F (14) In this expression the parameter ,.t is still given by Eq. (10). The meaning of k is the same as before which is equal to 21Tld.
The third model we used in this analysis was due to Vonk, Billman, and Kaler. 37 In this model the authors assumed that the microstructure of a bicontinuous microemulsion can be taken as that of a distorted lamellar structure with alternating water and oil layers separated by monolayers of surfactant films. We shall not go into details of the description of it because it has already been given in Ref. 37 .
The resultant r (r) function contains, besides an exponential factor like that in Eq. (12), a damped sinusoidal factor constructed from a one-dimensional correlation function Yl (x), i.e., The agreement in the peak region is very good judging from linear plots which are not shown here. The agreement in the tail region of the curves is seen to be good also. From these fits we extract a set of parameters, k = 21Tld an,.t = lis, the latter gives S I V value through the relation Eq. (10). In this model the peak position Qm does not have a fundamental significance, since it is given in terms of a combination of k and,.t. ......
E <)
...... the agreement is much inferior compared to the TeubnerStrey model. Figure 9 (c) gives the results of analyses using the model of Vonk et al. 37 The agreement is fair as compared to the model of Teubner and Strey. The oscillation of the theoretical curves at large Q can be damped out by introducing a polydispersity in the lamellar spacing D, as was done in Ref. 37 . For a simple model like this an introduction of yet another parameter into the theory seems to be an excess. So we do not pursue it further. Results of all parameters extracted from the analyses based on the three models are summarized in Table III 
D. Analyses of large Q data
So far we have focused attention only on the small Q region of J( Q) where there is either a peak or a fractal scattering. Results of the analyses are therefore highly model dependent. We can, however, perform a model independent analysis of large Q region based on a theorem given by Porod 42 and Debye,35 which states that, for a two-component system with sharp interfaces, there is an asymptotic relation:
The area per AOT head group can then be calculated by a formula s Vs S 611
where Vs = 611 ;\3 is the monomer volume of AOT. In practice Q---+ 00 amounts to take QL > 1T' where L is the characteristic length of the system. We have evaluated a H according to Eq. (17) for samples of different a measured in the onephase channel. These values are given in Table IV 
where we assume a constant 25% dissociation of the counterions.
Vonk et al. On the low a side there was an NMR self-diffusion study ofCarnali et al. 12 on a system, water (0.46% NaCl)-iso-octane-AOT. This study indicated that on the waterrich side, at high temperatures (inside the upper one-phase channel), isolated oil droplets turned into aggregates upon decreasing the temperature. Specifically the ratio of the selfdiffusion coefficient of the oil in the microemulsion, Do, to the self-diffusion coefficient of the bulk oil, Db' was found to be 0.01 at the upper boundary of the upper one-phase channel, and this ratio increases to 0.1 at the lower boundary of the same channel. The ratio in the lower one-phase channel, however, increases even further to 0.4 to 0.5 indicating the presence of an oil-continuous microemulsion.
On the high a side there were reaction kinetic studies of Lang et al. 16 and electric conductivity studies of Eicke and co-workers.
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These results supported the notion of an aggregation of water droplets into more extended fractallike clusters. The fusion of the aggregates into a tubular network of conducting channels,16 albeit a transient phenomenon, was also observed by freeze fracture electron microscopy on related systems by Jahn and Strey.43 A more recent conductivity, viscosity, and Kerr effect studies by Borkovec et aP supported a picture of two symmetric percolation processes occurring around a = 20 and a = 80. Our scattering data while consistent with this idea does not necessarily support the symmetric water and oil percolation picture. The asymmetry can be generated by the difference in double layers interaction energy in the reversed and normal micellar configurations. The bicontinuous structure for the equal volumes of oil and water case has also been supported by NMR self-diffusion data of Carnali et al. 12 For the a = 40 case they reported the self-diffusion constants of oil and water to be about! of the bulk values. Our measurements give an evolution of this bicontinuous structure as a function of temperature in terms of the two parameters d and S. One more significant quantity a H has been deduced from our neutron data at high Q by a model independent analysis. The value of a H varies from 85 for a = 10 continuously down to 62 for a = 90 (see Table IV ) in agreement with the values reported by Aveyard et al. 14 However, the ionic strength is roughly twice as high in our case. This may be due to the fact that their head group areas were measured at flat interfaces while our head group areas are measured at curved interfaces and the charge condensation effect is different for the two cases.
VI. SUMMARY AND PROSPECT
In this paper we have addressed a simple question: Can a one-phase microemulsion have different microstructures depending on its temperature? The answer is definitely: "Yes." This means that a macroscopic, thermodynamic phase does not have to correspond to a single unique microstructure. A macroscopic phase is normally identified visually as a homogeneous, isotropic liquid layer when illuminating with optical wavelengths. But looking with neutrons of wavelengths 5 to 10 A, the situation could be different. Even within a onephase region, there is a continuous structural evolution and even structural inversion.
We have identified an appropriate microemulsion system, D 2 0 (0.6% NaCl)!n = decane! AOT, which has a wide one-phase channel at a convenient temperature range. Furthermore at a suitable surfactant concentration y = 12, the one-phase region is close to the amphiphile-rich phase C and is bounded on the top and the bottom by 2 and 2: phase regions, respectively. We have studied the microstructure of the one-phase microemulsion as a function of the oil weight fraction a and at different temperatures.
In the limit of high water content, a = 15 and 20, we relate the peak position of the SANS intensity distribution to the average interdroplet distance using surfactant volume and surface area conservation relations. Thus the peak position is given as different functions of the volume fraction of water, depending on whether the surfactant film is curved towards water or oil. From this analysis we infer that the microemulsion in the lower one-phase channel is water-internal and inverts to an oil-internal structure on the upper one-phase channel. This conclusion is reasonable in view of the fact that a lamellar phase occurs in between these two temperature ranges.
In the opposite limit of low water content, a = 80, and 90, we infer from a percolation behavior of the electrical conductivity at a suitable temperature that the water droplets, which must exist in the lower 2: phase region, become clustered in the one-phase region. A structural model consisting of Gaussian chainlike water-droplet clusters is used to calculate SANS cross section. We find, as the temperature increases, the number of droplets in the chain increases. The water droplet size and size distribution are in the expected range.
For the case of equal oil-to-water volume fraction, a = 40, we expect to obtain a bicontinuous microemulsion because at this one-phase temperature range, the hydrophilicity and hydrophobicity of the AOT molecule is well balanced. We therefore use various models for the scattering length density fluctuation correlation function to analyze SANS data. In particular the models of Teubner and Strey and ofVonk et al. are shown to describe the intensity distributions equally well. We extract two model parameters from these analyses, which give, respectively, the average intertubular distance of the water or oil domains, and the specific surface area of the surfactant film. An independent analysis of the large Q data for all a gives variation of the average head area per surfactant molecule as a function of a. We relate the variation to the effective ionic strength within the water domains.
In the next paper of this series we shall turn our attention to detailed analyses of a = 40 data at various surfactant concentrations y. We shall examine the applicability of geometrical models such as DOC model of Zemb et al. 38 and theoretical models for bicontinuous microemulsions such as Widoms model,44 Gompper and Schick model,45 and the model of Milner et al.
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